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Reactant Gas Flow Fields In Advanced PEM Fuel Cell Designs

\llchael C. Kmble and NICIIOISSE Vandcrbmgh
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+liSTRACT

A marhemaucal mdel oi rbetwo-phase rlow m a fuel cell gas
:bannel ISdevelopxf and used m prchct rhemass momentum.
md LIWTUWdismbuutms of a mulu-componem gasand fiqumi wa-
ir rruxme {m W cmhotk sIdc. Regmns diem fimhng maY oc-
.W am dernunsuzucdby using & mmkl cvafuarcdWILIIvarious
qreraung cmchuons [ypIcai of fuel cell cqxraums Condmons
wkre dry. sarurated.snd lwo-phase flow? are mumkcd mlc Lhe
hiinnel are demonsmued md die resulfsmnfm-d ‘1’lreseresulrs
WW he drsmhuuun of water and heat m the channel which may
Y usedto desgn beuer flow channels.

INTRODLJCTION

I%CVIOUSadvanceson Ihc plmr exchangemembrane (PEM1
iuel cdl have rewd:d m designsnow compxmve wnh mher elec-

mchenwal pwer ~wrccs. buIII i~.m an Wrwmic and a pnwer
mx.hmg basIs Research aikanas m ukra-thrn membrane SCpa-
amm. rhm nlm eleti& and IOWplaunum loadqv have led 10
ugh powm densmcs WIr.hurpolenludiy IOWcm! dewucs ( Xf’rer
.wk cumpurwm% fm msumce W immk and cathde gm Iiow
meldsare ICM advanced W W membrane and electrode awm-
IIIC* l;~-h d LhCSCfh}w Ilehk L%pwuontxl brwecn an electrode
~ld h hqxdaf plate m shown m I-Ig 1 HOW nclds must pmrm
ztLwuu\ and hqud numsflow while rnamuunmgadcqtuueelec-
Iimlt cimdud.ivl[y 1arge afcs Ilow frehl de.mgnsdcm(msuate
.CUIIIUIpn*lcm~ m Ihenti and mm< mummmcnt m)[ wcn m
.IIIdll. SIIIRIC LTII* A lkpd prnhlcm I* hquld vmcr wumuhmm
~hluh mhliuL\ gJ%LrarKpm resulung m decrrxed W Ltli pcrlor-
Irnmc ( hlc l~flhc Impmull m!!% Ihm necdcIll m W14ires%cdIs the
qmm.d III)w gamnewy 1)1Ihc reaclwrl gm Ilinv Iichk in ~mlcr III
4WII hwh Iucl CCIIpcrt~!muuicc.II It nctcwrv I(} mtiumun II WIl-
IILICIIIIVIurrh rcucmm uunccnuamm *hllc prcvcnung cuhcr cx-
c** umr hvdrnlli NI Iw dchydrumm Alu) III unpIrrumccINIIIC

hwrmuu(w (II IICM WIIIUIIhw%u wlmrr unrw im Iutl L-CIIpcrh)r-
IIMILCbv .IllcLImR. h’r cmnfdc. w-mm.UIII●IXXIci mmqmm JL\

ACII ,L~ ~.’ ILYIIIIR rhc clccurdmncnl rc4iLWnsIn Lhcclcclndw
Ilcqulrcd LIIIIm Il III [111sIhf!rmfdnmrinftcmcnl1+nmc.ssluvIII

nnmuun WJfilc.high prIlmIWc IIXdlILIIWCIl hi v~mdrrhw~h rl

d ill
d mmhCIIUUIUl Illlxkl {II lh~ EiL~iuld 1.qtml IIIIW m the Em

channel can pie a belter unkrsumdmg of WS canpkx @emom-
ena w-hlchmay lead to beucr water and krmai mmiagcment in
W fuel cell llre model developed for UUSwcwkamstkrs the
maSSdlsmbuucmof tie gases(02. N:. and H20). tiM w tim-
huuonm Ixpd H20. the momentum dfimbur.m of the gasphase
Md of the hqind phase.and Ibe lhermaf dmibunoa of LIEcom-
bined gasand ltqud phases.Aiso. sma the gas and liqutd @ase
volumeschangeLhrou@oul Ihe gas chamlcl. LhWcVOllmlechmg-
esare aaoumed for m the model. By consuiermg the &amporI of
each phaseseparauly. mum reahsm ISmckied in lb mr%ki wNh
lessreltaocermempmcal correlauons. Ilc devciqmmm of W
phenomenoiogmi cquaucmsWIN be dtxwmbedIMXL

MODEL DEVELOPMENT

A COnCC@Iafi7WXIof LhCtWWphlW Iiow -I b ShOwSl
m i3g 2 Note lhal cwh phase rsassumed conunuous ml sepw.
m orderthulcorrunuumcunseiwauon equations nmy be appiicd 10
ewh @SSC ~ die @S fbWS down lbC dUU’inCl.~ ~ _R41Uid
hy the clecuucbc.nucalrwwuon whdc wme of be H20 @uced
by ti reamon enwrsthe gaschannel. As more ad nnn’uw- en-
Icrs LIWcluamel. the cruw-sccumu! area M Ilow of h gasand
hqud phasesdumgest which causes lhe vcloctti of * phuc
In change llese varyrng velucuies throughout the chmmel wifl
mtkna IIIC massand lhermai dmrlbuuons m @ flow chuutel.
“Ile heat tmught mto Usecharmei wmh k conv5rWe fimf. cm-
wmpuoiwprmlucuonOfspcsea mto ~e [UCIall. mndmud

cvupmmm, urd hcIIl II IW dwuugh llw dumnel Wdh dMcls Lhe
mmpcrwurcd the um-hqud nux(urc. 1Icncc. liu vmym~ temper.
.Imrc, cmmq.wchtmal am ( volume L conwmputm of 02, md prw
ducumrd I I:( ) 4“hiuIBchthe dcnstiv 01 lhe rmxlufc and mm be
,iwrumcd for m dlc mIdcl

I hc ~mrmlhlc~ III Inkrrx In IIIIS w~wkMC Ihe wncenmwmit%
(‘,. [III(WUII’ I iIt IIXyflLVLnirrt]pcn. JUILIwmcr m LhCgas phx.~. Ihc
numhcrIII IIIIIIC*. n,. ~11hqud wwcr. [tic vchxnly (CllW of Lh$gas
pllmc, IA Jlld Ilquld pllmc. t ‘. Ihc cn)w. wdmnaf arem lim-) [nr
[I{Iw III IIWK,LSplI,Lw.,. IN.,11111hquIIl p:IILW.A’. m Ihc ctUIIrd and
IIIC ICI WMurc I Ki III IhCIvophmc IIIIRIUW, /. “Iha quwms
lWUC\hi v 11)(kw”rlh Ihl” RJL%MIMI h(@ f!l)W WC lk qUhlWfl {tr

LOIIIIIIUIIVhM rmm mmWWIrI I nnd IIWIII wnrrr. an cqurmn IIf
llItIII.Ml IIM ~A h @JLW. .I LtIIIUXVWIIIII Ill iUCd I V\lhMilC) eqU41111tl.

J liquid wurrr dcnwlv ~“i)rrcldlim. ml n L-ImWVtSUnnof ctrcrgy

h,mtdr I’.IWCI



cxpressmn.In order to gain more axuracy wIttI the mrxjel and to
use& ICWcorrclat.ionsor empticisms aspomble. the rmtserva-
mm equwrns are applied m each phase,@asI one-drmenmnal
c~~llsc~;lutlnequauons we t(mnulaled StnCetie c7uSS-.SCCUOrtal
Mea Ior !)L)W ISnol constant I2]. Amass balancetakenabut a vol-

ume demenl where IIIC velocitv. density, and Lwss-secmmalarea
li~rtlt}w ITUV vw results m he following s[e.ady-state equation:

()=- jfi(ci}+@’)+@’ (1)

\
wtwrc /(~ is the prrxtuctmnrii[e (rnolkm--s ) fora gaseousspecies
I ml II’ I’Srhe wIdb o!’ the channel. A simdar expressmrtcan Lu
usedf’{wtic Iiquul wamr:

(2)

SIncc WiIIeT IS the only s~cles m the Iiqwd phase.the rJensitv of

‘.v:uur. hiwed Im tabulwed values [3]. can k usedto expressI.he
IILIUKJ phuse m)ss-semmal area for Iiqud How as gwen by:

“1150’%{ 9.”
A’ = ---- ----- (3)

p(T)LT

where At IS the step sw!em the spatial dweuzrmon of the flow
~“hwmelusedin solving @ systemof equauonsand ,$fiis the mo-
Im’uiiu weight of $pmes I, “Ilte total crm.+sexuonafarua Ar, of
the gas charnel is constartlwhich allows rhe gasphasearea for
!h~wtiI hereadily obuuncd:

Ile rewxmn me cxpressmrtsin Eqs. [ I ) and (2) wrespond
I(I IIIU prmhmon or cmtwrmpuon of a spwxs m the Iuel cell
whkt]. Il)r tiIs work. am given M a luncu~mot the loud cuntnt
dtnsl[v imr.fthe stwctnrrmeuy of the electrochermd rwxuons,
I IUIICC,f~)riI given current denstcy,j (Wurn:), theo~ygcnrrwmn

q, = -!.
‘1 4 k“.

2i
‘H.O = #C (6)

“Ile mmlel treatsany liquid water entering the rlo-wchannel asgo-
irtg tirst to the vapr state until the saturation mint is reached.
once the gasis saturated.any water enterm!: 1. : channel WIII then

wtmbute to the liquid stateof the channel.
Tle equation of motion is wnuen Foreach p4ase to give tbe

gaseous ad liquid phase velocities. Applied to the gas phase,the
appropriate conservationexpressionsimpiitit i to:

()=- }1( PgVSV’’Acy) + yr (7)

whr?rcthe gas phasedensity is

p# = co,~(), + CN,’MN,+cfi,(#H20 (8)
.- --

imd where w is an inlerfacial acceleration lenn formulated by
considemtion of the menial forces III it volume element between
tbe two pluses ba=d on a changing cross-secuortal flow arm.

E@auon (9) allows purl of tbe momentum d one phase to be
transferredto theother phasebasedsolely on menial effects. Note
thtwm FA+(7) the only signitiautt lenn in the eqtuttkm 01 cmuon
ISthe inenial effect. Bawd on the Re number, inertial effects are
more dotnmttm than the viscouset’fCCLSfor this typ of flow sys-
tem. Assttming a txmstantpm.sum over the sbosl kngtb of @e
flow channel. ~ssure efiecLsare also neglected. “Ittisnssmnption
could be ChlStlgCdby incoqmmt.ut~an aCL!tlWtCequaltotl of S~&
for the two-phase, mulu-component mlxntre. ‘Ile lquid phaseve.
Irxity is given by a stmilar expression to F~, (7):

o=- ;it(plvl},iA1)_ ... ( 10)

An avemge tempemmre 01’the gasand Iiqutd #wse.s is cab
hued by accounung for the beat tlux cntcnng the channel from the
walls iilld from the heat tlux due tt~he @ucuotdconsutnpuon or
speciesmtu the channel W to rewuotr m rhc fuel cell and tlow
CffeCL%‘hts. the equat.ronof energy !nXWnes:

,1
+f.ll,()’l), H2()

,1”[. ) =

..

Jk( /“- I“w,lll) Jk ( /“ -- /“w,ll, )
H:, /i;,

.. +:2
/+ n’: II

“flqofifl., ()
1

“!IIOW() ,Jt{ v:Ip~fl,[) (11)

+ ““ ‘ + “’ “ +
.

/) 1) /)
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rhennal co&fucuvItv for rhe mixmre. and Hi is the cnrhaipy for
spcdesI. Nme that the term on the Ief[ hand side of’ Eq. ( 11) rep-
rwnts tie hew broughtimo the charmel due 10rlow, the first and
word u?rrmon the nqbt hand sI& correspond m heiu Iostiemrr
thrmqh the channel watls where lwdl ISthe temperature 0( the
widl. am! the rmamder of the terms m Eq. ( 11) rcpesent the hut

Imxrght rmo or out of the channel due w lhe produtmn m con-

sumprmn 01 }Iz() and OZ. respemvely.

RESULTS AND I?1SCUSS1ON

In order m slmulwe the tlnw rhrourrJ r.hesrxpcnline tlr)w pal.h
iLsshown m Fig. 1, d cmwinuous straight channel was assumedfor
rhe slmulauon so rhm quasi one-dimenswat equauonscouhi k
used.E.quauons( 1) - ( I I ) were solved numerically hv second+x-
der accuratefinite difference approxuzmions. A set of basecase
~arneters, shownm l’able 1,were :sed cowsponding to a single
cdl WIIII an acme area of46.45 cm- ( 1/20 ft-). Thfttdilicrcnt m-
IINcmtiuons (two. phase flow. relauve hurmli[v = () and 100%)”
were selectedretlecung the mosl probable morks of’opxauorr m
me channeland tie resulting mas& momentum. and thermal dis-
mbutrons comparal from the model msulfs, “llw tw t.[ flow
conthrionsmay occuron the cwhode side of fuel cell stackseither
M rnletor end-plateassembliesor w mternaf cell assembliesm M
Srack.

In I’ig, 3, tie number of oxygen moles asa hrncursnof the di-
mensumle~schannel Iengrhare shown tbr the different inlet con-
diu(ms. Smcc tie gasphasevolume may changedown the tiel cell
length,the numberof moles of oxygen w given rather than theox-
ygencorrcentmbon.Note that fix the twn-phaw relet flow case.
he vwlumetnc flow rwe for the Iiqud pfwe wus .se[m the same
volumemc flow rate of’tie gas phase where the gas tluw rate cor-
responds10the conditionsshown m Table 1.AS shown m Fig. 3,
[henumber of oxygen moles does nut follow a hntar rdatsonship

wnh the LWUNXdown the channel due m the changing mnrnen.
mm tlfs’CL\m thecfaanrwl.This ef’fea would he enhancedwuh wI.
difionatmaruiolds0!’ the cwhcxk flow in the stack resulting in
lower rhan expectedoxygen conmwnukrns m &wnstrussn re-
gionsof tie tuel cell stack.(lmscquentlv, thednwng force for ox.
ygendllfusllm mm the electrode htyers 0( the cell M decrwed,
“IlrwIowcmp of the oxygen amcentnsuorr would be expected tu
hlwcr t.fwclwlmchmnwd ucuwty of tlw Iut!l cdl m Movmrmdhy
llu[ler.V~dmer ekctrochmmcal kmetm. ( %ungesm the local cur-
rent dMsItv wtwlrl then mlluence addltiorud rruwqmn pnrccsscs,
howwvcr,ttm clfect Is hcvond the scqw 1)1the prewut wink. ( )f
IwmculM uIIPmancc m l:iE. J ISthe ImYgcInIIIIIlr dmnfnmm hH
J lw(I-plme mlel lll~w Smut [hc Ilqrmf phmc IwcIIfrIc\ d \lgnlli-
l“;lllttrillXl(Jll { }1 lhC overall {’IUUIIWIv!llWllC. 1111’K’:L\ltrR the iUINNJU[

III IIq UIII wit[cr In rtrr! t’lumncl (due II} lhc CII’CII(KII1*III IL’JIIreucmm)

Ik~-rcwcslhe crlmwecmmnl areti lt~r Ih}w (II Ihr pm PIUISCI lus
L’11’:111’\il L’llll Vl”rltlllE dUL’1 flW !hl! PA* @LLW’ 11’~Ullll)ll Ill illl lllL7L”Jl\-

Illjl Jt;l$ phlbl- Vt’klLVIV Ill ldti f(~ CIMIWfV’(’ h’ HUM illlll llMMllell-

111111I)! ltm ~iL\ f’kl.w il~ ~(MVlld hv t“q~ I I ) Nlld (7), Ihc IIXVKII

IkIIWl V \IIIIIIlt;IIItY IIl,\lV {Ictmmei 1lrntt, Ilw Ilqud III}w lrwlli

m AIIIIIK41 hnhmImIIIhrI Id IIIVkm niIh’~ m Iht. l%JNIIW1 rtwulln y
Ill IInvr’1l“1(’(’lrlwtl(’llllc;ll lK’IIWIIV 11!+(11’s1Iilwll ;Ihlvc

channel 10a urnfwrn tempenume set bv the L%mnel watl temper-
LItureand the temperature of the nesghlxmne cmarak tayer. The
Iiquld warer eruenng the channel from the elticuochemical rcac
mm 1sWponzed unlli tie gasis saturated.as shown in Fig. 5. at
:ipproximately 44)% into the channel.~nding on the inle4tem-
fuxiitu~, his vapization processcancauseir negative or positive
rhermal gradient as shown in F@.4 fnr the dry rnlet ffows. For the
Qlura[ed and twt>phme 11OWS,rhe flow of liqu~ waur in the
channel has a [endency [o distritmstethe heat more evenly down
tie tlow channel. For the saturatedinlet flows, a higher liquid
pha~ veloci[v exists U1353 K thanaI 298 K ~u]ting in a more
umf’umnlemfnxalure distribution Ior the353 K inktcascas shown
m I.ig. 4.

Since the liquid phasehasan impwtant effect on the mass,
momentum. and tkerrnal distributionsof tk gas~ it might be
desirable w indicate where and bow much liquid water exists in
the Ilow channels. FIp.n’e6 shows the volume percent of liquid
wuter in W flow channel for a dry relet gM entering at diffemm
mmperamres. The onset of’Iiqrnd water production occurs over a
range of 40 to S()% down the channel length for a * inkt gas
temptmmrreranging fi’nm 25 to W O(’. respecuvely. The acctams-
IiIuon of’ this product water over mimy cells in the fuel cefl stxk
would eventually cause lower rextant concentrui~ as shuwn
in Fig. 3, unles~the gas streamIS internally dehumid,ifld lle
pwhlctioa nue of water, Eq, (6), isdqmrjentupon W fswxionof
wtiler entering the calhmle as governedhy lhe parameter~c. Note
rhatrhispammerer value may assumea vatuehuger than one since
it is possibk for water m the amxk m migrate by ekwcrosmu.ic
cffecfs ,nndcombine with theekcuuchemically producuj water on
the abode side. ‘Ile effeas of this parameteron I& !luid tempr-
aIrm, Fig. 7, shows that in~ws in tbe water prrxk~ mte
causesa &crease in the fluid tem~ture in the ch80acl. “Ms
phenomena may be .self-correaing in ltumthe lower temperature

m the channel may cmrsea lower temperumrein the electrode
Wuugh conducuun and hence, lower the electnxbemieal rate.
mm rate. ‘Ile complex relauunship of the rn,asLmmsenhrsn, and
rhermd Lfisuilrutiunsm the flow tield is stronglydependenton the
heat mmst’eref’fects,I%ornu &sign viewfxun~ enluneed fuel cell
~rtormuurce mn k gamed by consnknn~ thesetrmsfmn elfects
m designrngfuel cell suwks,“Ilese (ksign consibmkms can help
mmlmi?c MU% 1)1clccln)chcmlcul inacuwlv hy preventing low
reucfanl concenuations and hy controlling undesirable tkennsd
gradierm~thal may lower rcwxrorr rates m tic clectrdca af WCIIag
mlluence the Wstrr maruigemem,

SIJMMARY
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Table i: B8se case parameter vu : : for the single
channel flow thw’ ., L

Parammr value

[Mnnel length, L idO,OCm

(.hannel WKM, W ().127 cm

(lannel depth, D 0.127 cm

Pressure, P 3.0 am

Inlet temperamre, T 298.15 K

Temperature in fuel CCII. T,n 363,15 K

r~pemm of wall @ inleL rjall 353.15 K

“f’empemtweof wall @ oude~ r~!fll 353.15K

Inlet pas stoichiomeuy 2

Inlel liquid flow 0 Ipm

(-urrmt density,j 1.0764 Aku+

Waur fraction. f. 1,0
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